We have characterized the poxvirus gene encoding the second-largest subunit of the viral DNA-dependent RNA polymerase. This gene, designated rpol32, is located in the Hindlll A fragment of the DNA of the Brighton Red strain of cowpox virus. A similar gene is located in the corresponding position in the Hindlll A fragment of the DNA of the Western Reserve strain of vaccinia virus. The rpol32 gene is transcribed throughout the viral multiplication cycle. It has two transcriptional start sites; one is operative at late times only, and the other (80 base pairs downstream) is operative both at early times and at late times. Neither early nor late transcripts originating from the latter RNA start site contain long 5'-terminal poly(A) sequences. The rpol32 gene has the capacity to encode primary gene products of two types. The RNA transcripts whose 5' ends correspond to the late RNA start site can encode a 133-kilodalton (kDa) protein. The RNA transcripts whose 5' ends correspond to the early RNA start site can encode a 132-kDa protein. Transcripts of the latter type are more abundant, suggesting that the 132-kDa protein is the major primary product of this gene. The predicted amino acid sequences of both gene products share extensive similarities with the amino acid sequences of the second-largest subunits of the following enzymes: the RNA polymerase of Escherichia coli, the RNA polymerase II of Saccharomyces cerevisiae, and the RNA polymerase II of Drosophila melanogaster. This result provides further evidence of relatedness between multisubunit DNA-dependent RNA polymerases.
One of the unique features of the replication of poxviruses is that the viral genes are transcribed by a multisubunit DNA-dependent RNA polymerase whose subunits are encoded by viral genes (2, 9, 29, 44, 63) .
The DNA-dependent RNA polymerase of vaccinia virus (VV), the type species of the poxvirus family, consists of at least seven subunits whose molecular masses are estimated to be about 147, 130, 73, 37, 23, 22, and 20 kilodaltons (kDa) (2, 44, 63) . The number of these subunits and their molecular masses are similar to those of the multisubunit RNA polymerases of eucaryotes and procaryotes. More direct evidence that subunits of this viral polymerase might be analogous to those of other RNA polymerases was provided by Broyles and Moss (9) , who identified and characterized the genes encoding the 147-and 22-kDa subunits of the viral polymerase. Their sequence analysis revealed that there are significant similarities between the predicted amino acid sequence of the viral 147-kDa subunit and the amino acid sequences of the largest subunits of several eucaryotic and procaryotic RNA polymerases. This finding underscored the potential relevance of studies on the poxviral RNA polymerase to studies on the structure and function of other multisubunit RNA polymerases.
Although several eucaryotic RNA polymerases have been purified (for reviews, see references 11 and 59), little is known about the structure and function of their component subunits. Much of the difficulty in studying these enzymes has been that these highly purified RNA polymerases are unable to initiate transcription accurately unless supplementary factors are added (16, 48, 64) . Also, efforts to identify the genes encoding the subunits of eucaryotic RNA polymerases have not been helped by the complexity of the eucaryotic genome. In contrast, the poxviruses provide a relatively simple, almost self-sufficient transcriptional system. All of the proteins and enzymes required for the production of mature, capped, and 3'-polyadenylated mRNAs are contained in the virus particle (30, 31, 42, 69) . Furthermore, all of these proteins appear to be the products of viral genes (for a review, see reference 40) . Consequently, because of the accessibility of poxvirus genes and the relative simplicity of the viral transcription system, the poxviruses provide an invaluable model system for studies on the structure and function of RNA polymerase subunits.
Here, we describe the identification and characterization of the gene (rpo132) encoding the second-largest subunit of the cowpox virus (CPV) RNA polymerase. We show that the predicted amino acid sequence of this subunit contains several regions that are strikingly similar to highly conserved regions in the second-largest subunits of the RNA polymerases of Escherichia coli, Saccharomyces cerevisiae, and Drosophila melanogaster.
MATERIALS AND METHODS
Viruses and cells. The Brighton Red strain of CPV and the Western Reserve strain of VV were cultured in 143 human osteosarcoma cells grown in MEME (GIBCO Laboratories) supplemented with 5% fetal calf serum. Viruses were purified as described by Joklik (28) .
DNA sequence analysis. Viral DNA was purified from virus particles as previously described (44) . Restriction endonuclease cleavage sites were mapped by standard methods. The nucleotide sequence of the DNA containing the rpol32 gene was determined from the DNA of plasmids p2001 and p2088, which contain the KpnI G and K fragments of the CPV Brighton Red genome (52) . The DNA sequence at the KpnI K-G junction was determined from the DNA of plasmid p2102; this plasmid was constructed by inserting the 1.7-kilobase (kb) NsiI fragment spanning the KpnI K-G junction into the PstI site of pUC19 (74) .
Overlapping fragments of the plasmid DNAs were subcloned into bacteriophage M13 vectors mpl8 and mpl9 (45) to obtain single-stranded DNA. The method of Sanger et al. (55) as modified by Biggin et al. (8) and Tabor and Richardson (66) was used to determine the entire sequence of both strands of the 4,510-base-pair (bp) DraI-PvuI fragment containing the rpol32 gene. Oligonucleotides used as primers and hybridization probes were synthesized and purified as previously described (10, 22) . Hybridization analysis of DNA immobilized on nylon membranes was performed by standard methods (38, 62) .
The MicroGenie program (Beckman Instruments, Inc.) was used to analyze the nucleotide sequence data. In addition, the predicted amino acid sequences of the CPV rpol32 subunit and the subunits of other RNA polymerases were compared by using the following programs: COMPARE and DOTPLOT (37) provided by the Genetics Computer Group (University of Wisconsin, Madison) and ALIGN (15, 43) provided by the Protein Identification Resource of the National Biomedical Research Foundation (Georgetown University, Washington, D.C.).
Characterization of the transcripts of the rpol32 gene. Total cellular RNA was extracted by the method of Cox (12) as described by Patel and Pickup (49) with the modification that the RNA was also extracted with phenol and chloroform. To obtain the RNA transcripts synthesized late in the viral infection, RNA was extracted from cells 24 h after they had been infected with virus at a multiplicity of 10 PFU per cell. To obtain the early viral transcripts, the RNA was extracted from cells 3 h after infection.
The extent of complementarity between the transcripts of the rpol32 gene and the viral DNA was determined by nuclease Si protection experiments (4) as described elsewhere (49) . The 5' ends of the transcripts were characterized by primer extension analyses as described by Ghosh et al. (24) .
RESULTS
Nucleotide sequence of the gene encoding the second-largest subunit of CPV RNA polymerase. Nucleotide sequence analysis of a 4,510-bp region (DraI-PvuI) which spans the KpnI K-G junction of CPV Brighton Red DNA (Fig. 1A) (Fig. 4) . There was no indication that the majority of these transcripts contained heterogeneous 5 63, 1989 
Nucleotide sequence of the rpol32 gene and its flanking sequences. The 4,510-nucleotide sequence shown is that of a Dral-Pvul segment of the CPV genome containing the KpnI K-G junction (Fig. 1) should have been present in RNA extracted from cells late after infection, but transcripts of this type were not detected (Fig. 5, lane C) . Instead, like most characterized late RNAs of the poxviruses, the majority of the rpol32 transcripts present at late times were heterogeneous in length. A small percentage of the transcripts present at late times did possess defined 3' ends, but these ends corresponded to a site in the region of nucleotide 4010, a site well upstream of the early termination signal. Primer extension analyses, using a primer (3'-TGACTAAGTCTTTACC-5') that hybridized with the sequence 70 to 86 nucleotides downstream from the 5'-TAAAT-3' sequence (at nucleotides 317 to 321), confirmed that some of the late RNAs had 5' ends that were upstream of the endpoints of complementarity between the RNAs and the viral DNA at this 5'-TAAAT-3' sequence; some of these RNAs had 5' ends that were up to 18 nucleotides from this site, and the majority of these RNAs had 5 (34) . Presumably, the sequences flanking the terminator element, or the position of the element relative to the 5'-end of the RNA, or both markedly affect the ability of that element to terminate transcription.
Another interesting point about the transcription of the rpol32 gene is that of the two RNA start sites. Only the late one at nucleotides 312 to 317 is upstream of the first potential initiation codon within the ORF (Fig. 6) Fig. 2) . The encoded amino acid sequence is shown below the nucleotide sequence. M, Two potential initiation codons. The extent of complementarity between the 5' ends of the RNAs and the viral DNA is indicated by the bars above the sequence. The arrowheads correspond to the major 5' ends of the RNAs as determined by primer extension analyses.
close to the optimum for translational initiation (33) . Therefore, the structures of the transcripts of the rpol32 gene suggest that the major gene product is the 132-kDa protein, which is synthesized throughout the viral growth cycle, and that the minor gene product is the 133-kDa protein, which is only synthesized during the late stages of the infection.
VV genome contains a gene equivalent to the CPV rpol32 gene. The CPV rpol32 gene is located in the central region of the genome (Fig. 1 ). This region is highly conserved in the DNAs of all the orthopoxviruses (19, 36 (46) . Further comparisons with more recently published sequence data revealed that this viral protein has even greater similarities to the second-largest subunits of the RNA polymerase II enzymes of S. cerevisiae (65) and D. melanogaster (21) . The poxvirus RNA polymerase subunit was compared with each of the other subunits by means of the algorithms COMPARE and DOTPLOT (37) . The program ALIGN (15, 43) between the CPV rpol32 gene and the 5' ends of late transcripts of the equivalent VV gene. The hybridization probe described in the legend to Fig. 3 was annealed to RNA that had been extracted from VV-infected cells 24 h after infection. After hybridization, residual single-stranded nucleic acids were removed by digestion with nuclease Si. The Si-resistant nucleic acids were resolved by electrophoresis in an 8% polyacrylamide gel containing 7 M urea. The labeled material was visualized by autoradiography. Lanes A and B contain size markers consisting of the products of dideoxynucleotide chain termination reactions with a template of known sequence. The other lanes contain DNAs protected from nuclease Si digestion by hybridization with late RNA (C), or tRNA (D). The major 3' ends of the labeled DNAs protected by hybridization with late VV transcripts are identical to those produced by protection with transcripts of the CPV rpol32 gene (Fig. 3). relative positions of these regions, designated A to I, are shown in Fig. 9 . Optimal alignments of the sequences in these regions are shown in Fig. 10 . Also shown are the corresponding regions of the subunit encoded by the rpoB gene of E. coli; this protein has a counterpart to each of the nine similar regions except region D.
The degrees of identity between the sequences of the viral subunit and those of the other subunits indicate that the viral subunit is more closely related to the subunits of the eucaryotic RNA polymerases than it is to the 3 subunit of the E. coli RNA polymerase.
DISCUSSION
The transcriptional analyses showed that the rpol32 gene is transcribed at both early and late times after infection. Several other characterized poxvirus genes that are transcribed during both of these phases of the viral multiplication cycle have been shown to possess two transcriptional start sites, one used at early times, and the other used at late times (13, 54, 68) . The rpol32 gene is similar to these genes in that it possesses two transcriptional start sites; it differs from them in that although one is only used at late times, the other is used during both early and late stages of the infection.
The majority of the late transcripts of the rpol32 gene appears to be transcribed from the RNA start site used at early times. This site lacks the 5'-TAAAT-3' sequence that is present at the transcriptional start site of most late genes. Significantly, late transcripts from this site lack the long 5'-terminal poly(A) sequences contained in late transcripts of genes containing the 5'-TAAAT-3' at their RNA start sites. In contrast, late transcripts from the upstream transcriptional start site appear to contain 5'-terminal poly(A) sequences. This result is consistent with the proposal that the 5'-terminal poly(A) sequences are generated by the abortive initiation and subsequent reinitiation of transcription at sites containing the template sequence 3'-ATTTA-5' (49, 57) .
The nature of the promoter elements directing the transcription of the rpol32 gene is of interest, given that (i) transcripts of three distinct types (one early and two late) are produced during the course of the infection and (ii) early and late RNAs are transcribed from the same RNA start site. One possibility is that the late transcription from the early RNA start site is controlled by the early promoter, which unlike more typical early promoters, may be capable of (21), the S. cerevisiae RPB2 gene (65) , and the E. coli rpoB gene (46) . The positions of the nine regions of similarity (A to I) are indicated by closed boxes. Only one of the nine regions of similarity between the subunits of the eucaryotic and viral RNA polymerases (region D) does not have a counterpart in the a subunit of the E. coli RNA polymerase. (65) , and the E. coli rpoB gene (46) . The nine regions of similarity between the amino acid sequences were identified by means of the programs COMPARE and ALIGN. The unitary protein matrix (which gives a score of + 1 for every identical residue) and a gap penalty of 5 (which gives a score of -5 for every gap introduced into a sequence) were the parameters used in running the ALIGN program. The numbers in parentheses correspond to the positions of the amino acid residues in these proteins. Similarities between the sequences of the rpol32 gene product and either those of the P subunit of the E. coli enzyme or those of both of the eucaryotic subunits are indicated as follows: +, identical amino acids; 0, conservative amino acid replacements. Replacements were considered to be conservative if the corresponding residues were both within one of the following groups: Leu, lie, Met, and Val; Ala, Ser, and Thr; Tyr, Phe, and Trp; Asp and Glu; His, Lys, and Arg; and Gln and Asn (15 63, 1989 apparent requirement for newly synthesized viral RNA polymerase to effect the transcription of late genes (18, 27a, 67) .
One other unusual feature of the rpol32 gene is the presence of a potential initiation codon between the two RNA start sites. This initiation codon is within a sequence context that should be capable of directing efficient initiation of translation (33) . Consequently, the late transcripts originating from the upstream start site should encode a primary gene product whose amino terminus contains 8 more amino acids than the gene product encoded by the RNAs transcribed from the downstream RNA start site. The latter transcripts, which are the more abundant, have the capacity to encode a 132-kDa protein.
The predicted amino acid sequence of the 132-kDa protein contains regions that are remarkably similar to those of the second-largest subunits of the other three RNA polymerases that have been characterized at this level. The greatest degree of identity is between the I regions of these proteins (Fig. 9) ; for example, in this region the sequences of the viral protein and the equivalent subunit of the Drosophila RNA polymerase II are identical in 48 of the 97 positions (Fig. 10) . The percent similarity between these two regions is even greater (about 61%) if conserved changes are scored as similar. The high degree of similarity between the subunits of the RNA polymerases of these diverse organisms strongly suggests that these subunits have similar functions.
Similar functions may also be provided by conserved elements that are not within the nine regions (A to I)
identified by the various sequence comparison algorithms. Such elements may not be obvious if the percent sequence similarity among these elements is low. An example of a potential element of this kind was identified by Sweetser et al. (65) . They found that the second-largest subunit of the RNA polymerase of S. cerevisiae contains a sequence resembling one of the putative consensus sequences (Cys-X2-Cys-X12-13-Cys-X2-Cys) of structures containing metal ions (for reviews, see references 20 and 32). These sequence elements are present in several proteins that interact with nucleic acids. They may be involved in protein-nucleic acid interactions or protein-protein interactions (3, 14) . Therefore, it is interesting that a similar sequence is present in both the rpol32 gene product, and the second-largest subunit of the RNA polymerase II of D. melanogaster. Moreover, in each of these three subunits, the first eight residues of this sequence are present at the same relative positions at the carboxy-terminus end of the I region. Whether these regions of the polymerase subunits form complexes with any metal ions and whether such complexes would facilitate the interaction of the subunit with a nucleic acid or with other proteins remain to be determined. Clearly, functions of this type would be consistent with the expected properties of RNA polymerase subunits. Currently, there is little information on the functions of the various subunits of the RNA polymerases. The most extensively characterized RNA polymerase subunits are those of the E. coli enzyme. The subunit of this enzyme which is most closely similar to the rpol32 gene product is the ,B subunit. This subunit appears to be involved in a number of processes; these include promoter recognition, substrate binding, and RNA chain elongation (25, 26, 47) . The structural similarity between this protein and that encoded by the rpol32 gene suggests that the viral polymerase subunit and the E. coli ,B subunit may be similar in their functions. This hypothesis can be better tested now that the viral gene has been characterized.
Finally, this analysis of the structure of the rpol32 gene provides additional evidence that the various multisubunit RNA polymerases are closely related. Further studies on this viral gene, its products, and their interactions with other transcriptional components should provide a wealth of information that will also be relevant to the structure and function of other multisubunit RNA polymerases. ACKNOWLEDGMENT This work was supported by Public Health Service grant A123886 from the National Institutes of Health.
